Himmelfarb Health Sciences Library, The George Washington University

Health Sciences Research Commons
Microbiology, Immunology, and Tropical Medicine
Microbiology, Immunology, and Tropical Medicine
Faculty Publications
7-1-2016

Biliary Microbiota, Gallstone Disease and Infection
with Opisthorchis felineus.
Irina V. Saltykova
George Washington University

Vjacheslav A Petrov
Maria D Logacheva
Polina G Ivanova
Nikolay V Merzlikin
See next page for additional authors

Follow this and additional works at: http://hsrc.himmelfarb.gwu.edu/smhs_microbio_facpubs
Part of the Medical Immunology Commons, Medical Microbiology Commons, Parasitic
Diseases Commons, and the Parasitology Commons
APA Citation
Saltykova, I. V., Petrov, V., Logacheva, M., Ivanova, P., Merzlikin, N., Sazonov, A., Ogorodova, L., & Brindley, P. J. (2016). Biliary
Microbiota, Gallstone Disease and Infection with Opisthorchis felineus.. PLoS Neglected Tropical Diseases, 10 (7). http://dx.doi.org/
10.1371/journal.pntd.0004809

This Journal Article is brought to you for free and open access by the Microbiology, Immunology, and Tropical Medicine at Health Sciences Research
Commons. It has been accepted for inclusion in Microbiology, Immunology, and Tropical Medicine Faculty Publications by an authorized
administrator of Health Sciences Research Commons. For more information, please contact hsrc@gwu.edu.

Authors

Irina V. Saltykova, Vjacheslav A Petrov, Maria D Logacheva, Polina G Ivanova, Nikolay V Merzlikin, Alexey E
Sazonov, Ludmila M Ogorodova, and Paul J. Brindley

This journal article is available at Health Sciences Research Commons: http://hsrc.himmelfarb.gwu.edu/smhs_microbio_facpubs/
227

RESEARCH ARTICLE

Biliary Microbiota, Gallstone Disease and
Infection with Opisthorchis felineus
Irina V. Saltykova1,2,3*, Vjacheslav A. Petrov1, Maria D. Logacheva4, Polina G. Ivanova1,
Nikolay V. Merzlikin5, Alexey E. Sazonov1, Ludmila M. Ogorodova6, Paul J. Brindley3

a11111

1 Central Research Laboratory, Siberian State Medical University, Tomsk, Russian Federation,
2 Laboratory of Catalytic Research, Tomsk State University, Tomsk, Russian Federation, 3 Research
Center for Neglected Diseases of Poverty, Department of Microbiology, Immunology and Tropical Medicine,
School of Medicine & Health Sciences, George Washington University, Washington, D.C., United States of
America, 4 Lomonosov Moscow State University, Faculty of Bioengineering and Bioinformatics, Moscow,
Russian Federation, 5 Surgical diseases department of Pediatric faculty, Siberian State Medical University,
Tomsk, Russian Federation, 6 Department of Faculty Pediatrics, Siberian State Medical University, Tomsk,
Russian Federation
* ira.saltikova@mail.ru

OPEN ACCESS
Citation: Saltykova IV, Petrov VA, Logacheva MD,
Ivanova PG, Merzlikin NV, Sazonov AE, et al. (2016)
Biliary Microbiota, Gallstone Disease and Infection
with Opisthorchis felineus. PLoS Negl Trop Dis 10(7):
e0004809. doi:10.1371/journal.pntd.0004809
Editor: Makedonka Mitreva, University of
Washington School of Public Health, UNITED
STATES

Abstract
Background
There is increasing interest in the microbiome of the hepatobiliary system. This study investigated the influence of infection with the fish-borne liver fluke, Opisthorchis felineus on the
biliary microbiome of residents of the Tomsk region of western Siberia.
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Methodology/Principal Findings
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Samples of bile were provided by 56 study participants, half of who were infected with O.
felineus, and all of who were diagnosed with gallstone disease. The microbiota of the bile
was investigated using high throughput, Illumina-based sequencing targeting the prokaryotic 16S rRNA gene. About 2,797, discrete phylotypes of prokaryotes were detected. At
the level of phylum, bile from participants with opisthorchiasis showed greater numbers of
Synergistetes, Spirochaetes, Planctomycetes, TM7 and Verrucomicrobia. Numbers of > 20
phylotypes differed in bile of the O. felineus-infected compared to non-infected participants,
including presence of species of the genera Mycoplana, Cellulosimicrobium, Microlunatus
and Phycicoccus, and the Archaeans genus, Halogeometricum, and increased numbers of
Selenomonas, Bacteroides, Rothia, Leptotrichia, Lactobacillus, Treponema and Klebsiella.
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Conclusions/Significance
Overall, infection with the liver fluke O. felineus modified the biliary microbiome, increasing
abundance of bacterial and archaeal phylotypes.
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Author Summary
The microbiota of the alimentary tract and other sites of the body influences human
health. Contrary to popular belief, the bile within the liver is not sterile, and may host a
microbiome consisting of diverse species of microbes. The spectrum of microbial species
and their numbers within the biliary system may be influenced by disease including infection with pathogens such as parasitic worms and with gallstone disease, liver cancer and
other ailments. Here we examined the microbes in the bile of patients from western Siberia, Russia who were concurrently infected with a food-borne parasitic worm, the liver
fluke Opisthorchis felineus. Infection with this liver fluke is common in western Siberia, as
a consequence of dietary preference for undercooked or smoked fresh-water fishes that
often carry the larva of the liver fluke. Using high throughput sequencing targeting a conserved bacterial gene and statistical analyses, numerous bacterial species were identified in
the bile of the patients. Infection with the liver fluke modified the biliary microbiome,
resulting in abundant and diverse species of bacteria and Archaea.

Introduction
There is increasing interest in the microbiota with respect to diseases of the gastroenterological
system [1, 2] including the liver and biliary tree [3, 4]. Many reports have detailed the colorectal/ fecal microbiota, given that samples of feces are readily accessible using non-invasive
approaches. Modifications of the gut microbiota have been documented for a number of liver
diseases including primary biliary cirrhosis, primary sclerosing cholangitis, cholelithiasis, [4–
6]. Moreover, information is becoming available on the microbial composition of the bile during liver disease [6–8]. Conversely, it had long been considered that during good health the bile
was sterile or at least that bile was inimical to bacteria [9], with a few reports indicating colonization of the gallbladder and bile as the consequence of reflux of the duodenal contents, bloodborne infection and infection spread through the portal-venous channels [10].
High throughput sequencing of bacterial 16S rDNA genes has provided information on the
present of complex microbiota in the bile environment even in absence of biliary tract morbidity. Studies of pigs show that bacteria from the phyla Proteobacteria, Firmicutes and Bacteroidetes populate the gall bladder ecosystem [9]. The investigation of the feces, bile and gallstones
from patients diagnosed with cholelithiasis (gallstones) revealed higher bacterial diversity in
the biliary system in the comparison with feces; the biliary tract microbiome of gallstone
patients includes >100 bacterial OTUs belonging to six bacterial phyla [6]. On the other hand,
dysbiosis of biliary microbiome may play key role in the biliary inflammation, supporting the
concept that factors that affect bile duct composition can be associated with liver diseases [4].
In this context, findings in hamsters infected with Opisthorchis viverrini demonstrated that
infection with this liver fluke not only modifies the intestinal microbiota but revealed the presence of >60 phylotypes of nine phyla in the biliary system associated with the parasites [11].
Moreover, infection of hamsters with O. viverrini positively correlated with increased co-infection with Helicobacter pylori and H. bilis, both in the fecal microbiota and in the biliary tract
within the gut of the liver flukes [12].
Liver flukes excrete and secrete mediators [13], altering liver functions that may modify the
biliary environment [14] and which, in turn, may modify the composition of the microbiota
[12, 15]. Indeed, interactions between liver flukes and the microbiome can be expected to be
dynamic and to modify the metabolic responses specific to opisthorchiasis, as known during
infection with other helminths [16, 17]. Molecular markers of inflection with the blood fluke
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Schistosoma mansoni infection were found in urine to be primarily linked to changes in gut
microflora, energy metabolism and liver function [18], and infection with Schistosoma haematobium leads to changes in bacterial pathobionts in the urinary bladder [19]. Other metabolites
known to arise from the activities of helminths including catechol estrogens, oxysterols and
their adducts involving host cell DNA and other macromolecules likely also influence the
ecology of the microbiome [20, 21]. Also, helminth parasites can harbor endosymbiotic
microbes, in particular the rickettsia-like bacteria of trematodes [22] and symbiotic Wolbachia
of filariae [23]. This study investigated the influence of infection with the fish-borne liver
fluke Opisthorchis felineus on the biliary microbiome, within a background clinical setting of
cholelithiasis.

Materials and Methods
Study participants; bile samples
The Ethics Committee of the Siberian State Medical University approved this study. All participants provided written informed consent. Participants ranged in age from 40 to 61 years. Prospective participants who had used antibiotics or probiotics within the previous six months
were excluded from the study. Fifty-six participants who had been diagnosed with cholelithiasis
(gallstone disease) but who were in disease remission provided samples of bile. Gallstone disease had been diagnosed by B-mode ultrasonography. Thirty of these 56 participants were
concomitantly diagnosed with infection with the fish-borne liver fluke, Opisthorchis felineus,
whereas the remainder (26 persons) was not infected with O. felineus (below). The bile samples
were obtained from the study participants during therapeutic intervention for cholelithiasis
involving open or laparoscopic cholecystectomy at the 3-d City Tomsk Hospital, Tomsk, western Siberia. During cholecystectomy, 5–10 ml of bile was aspirated from the gallbladder under
sterile conditions, three to five ml dispensed into in a sterile tube, and thereafter dispatched
immediately to the laboratory. Two ml bile was clarified by centrifugation (10, 000 g, 10 min),
the supernatant removed, and the pellet was stored at -80°C until processing. Other aliquots of
these biles, ~3 ml were subjected to centrifugation at 5,000 g, 10 min, after which the pellet was
examined for eggs of O. felineus.

DNA extraction
The pellet was diluted into Buffer ASL QIAamp Stool Mini Kit (QIAGEN, Hilden, Germany),
25 mg glass beads (0.1 mm diameter) added to the suspension, the mixture vortexed for 10 seconds, and then subjected to bead-beating (Mini-Beadbeater-24, Bio Spec Products Inc) for
three minutes. A second bead beating was performed after incubating the suspension at 70°C,
after which phenol-chloroform extraction was undertaken to recover genomic DNAs. Subsequently, the DNA was dissolved in 20 μl TE, and DNA yield was measured using a NanoDrop
ND-1000 UV spectrophotometer (Nano-Drop Technologies, Wilmington, DE). DNA was aliquoted to perform the PCR to confirm or not infection with O. felineus (exclusion) and for the
16S rRNA sequence-based survey of biliary prokaryotes. Control DNA extractions in which
100 μl sterile water replaced biliary DNA were undertaken, in order to address laboratory and
sequence-based artifacts that can occur with reagents and kits [24].

Diagnosis of infection with liver flukes
Status of infection liver fluke infection was established by the microscopic examination for eggs
of O. felineus in the material pelleted from several ml of bile and by PCR to identify the presence of DNA of O. felineus in the pellet. To confirm the infection, we employed a PCR-real
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time commercial kit for identification of O. felineus (Medico-biological Union, Novosibirsk,
Russia)[25] following the manufacturer’s guidelines. PCR using bile pellet DNA, above, was
performed in a thermal cycler (LightCycler 480, Roche).

Illumina-based sequencing
The DNA samples were used for a 16S rRNA sequence-based survey of bacterial diversity.
Amplicons that cover V3 and V4 hypervariable region of 16S rRNA genes (Escherichia coli
positions 341–805) were generated by PCR with using Primers Next-16S-1st-F 5’- TCG TCG
GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG -3’ and
Next-16S-1st-R 5’- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA
CHV GGG TAT CTA ATC C-3’. These primers contain gene-specific sequence (bold-face
font) and Illumina adapter sequences. The initial PCR cycles were carried out in MJ Mini thermal cycler (MJ Research). The PCR reactions were performed in the following program: initiation enzyme activation at 95°C for 3 min, followed by 25 cycles consisting of denaturation at
95°C for 30 sec, annealing at 55°C for 30 sec and extension at 72°C for 30 sec. After 25 cycles,
the reaction was completed with a final extension of 5 min at 72°C. PCR products were recovered by chromatography on Ampure XP beads (Thermo Fisher Scientific) and deployed in a
second PCR. The Illumina Nextera XT Index kit (Illumina Inc., San Diego. CA, USA) were
used for multiplexing. Two unique indices located on either end of the amplicon were chosen
based on the Nextera dual-indexing strategy. To incorporate the indices to the 16S amplicons,
PCR reactions were performed on MJ Mini thermal cycler (MJ Research).
Cycling conditions consisted of one cycle of 95°C for 3 min, followed by eight cycles of 95°C
for 30 sec, 55°C for 30 sec and 72°C for 30 sec, followed by a final extension cycle of 72°C for 5
min. After purification of PCR-products on Ampure beads (Thermo Fisher Scientific), the concentrations were measured using Qubit technology (Thermo Fisher Scientific). The libraries
were sequenced by 2 × 300 bp paired-end sequencing on the MiSeq platform using MiSeq v3
Reagent Kit (Illumina) at the Faculty of Bioengineering and Bioinformatics, Lomonosov Moscow State University.

Bioinformatics analysis, phylograms
Analysis of the 16S rRNA gene reads was performed using the QIIME (quantitative insight
into molecular ecology) pipeline, version 1.9.0 [26]. The Operational Taxonomic Units
(OTUs) picking strategy consisted in usage of the open QIIME reference OTU picking algorithm with the OTU-picking method UCLUST [27]. Chimera-checked GreenGenes taxonomy
v13.5 was used as the reference base for taxonomic assignment [28]. After taxonomic assignment and demultiplexing, OTUs present only in reagent control samples were subtracted from
O. felineus infected and O. felineus non-infected groups to eliminate reads due to contamination. Samples with 200 counts were included in the analysis. Alpha diversity within and
between groups (infected or not-infected with O. felineus) samples of was calculated in QIIME
using Chao1, Shannon and Simpson alpha metrics at depth of 200 sequences per sample.
Alpha diversity comparisons were calculated using a two-sample non-parametric t-test and
999 Monte Carlo permutations. Beta diversity was investigated by principal components analysis (PCoA) both on non-normalized and normalized (CSS-algorithm [29]) data with the usage
of unweighted Unifrac distance and validated with ANOSIM in QIIME. To examine significance of variation among groups at levels of phylum, we used fitZig model, a metagenomeSeqpackage in the R statistical environment [29]. Metagenomic prediction was undertaken using
the Galaxy-based PICRUSt algorithm [30] against KEGG database, with statistical analysis of
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variation among groups analyzed using the Mann-Whitney-Wilcoxon test and logistic regression. S1 Table outlines the pipeline.
To visualize genera, we associated each genus with the OTU from GreenGenes DB and prepared a table of the OTU findings that represents all genera identified. The taxonomic tree,
which was created during taxonomic classification stage, was pruned with the usage of the
genus list by filter_tree.py script in QIIME workflow. Radial phylograms were constructed
using FigTree 1.4.2 and MEGA 7 http://www.megasoftware.net/ [31].

Results
Study groups, epidemiological characteristics
Patients hospitalized with cholelithiasis and who were diagnosed also with (n = 30) and without (n = 26) infection with O. felineus participated in the study. These two groups were similar
in age and gender, and relatively similar numbers in each group presented with the comorbidities of pancreatitis and infection with hepatitis C virus (Table 1).

Diverse phylotypes comprised the biliary microbiome during
cholelithiasis and opisthorchiasis
The Illumina sequencing produced 1,547,628 reads. Demultiplexing showed 628,111 reads
were suitable for further analysis. After extraction of reagent contamination controls, there are
81,627 reads and 2,797 discrete OTUs were identified. Taxonomic composition consisted of
archaeal and bacterial super-kingdoms, 25 different phyla, 55 classes, 84 orders, 147 families,
246 genera (Fig 1), along with 77 species-level phylotypes that were well supported. Supplementary S2 Table lists several of these latter phylotypes. The median number of reads per sample was 585 (range, 5–10037). However, this wide range in numbers of reads per sample, which
spanned two orders of magnitude, hindered comparison among the samples. Accordingly,
samples with < 200 reads were not included in the subsequent analysis. After this filtration,
reads from the remaining 37 samples were analyzed in depth (Table 1).

Diversity of the biliary microbiome during opisthorchiasis
Alpha diversity was estimated after rarefaction at a depth of 200 sequences per sample by using
richness metrics (Chao1, the Shannon and Simpson diversity index) [32]. Analyses of microbial
Table 1. Brief demographic and epidemiological details of the participants of the study, including age in years, gender, infection status for
Opisthorchis felineus, and other hepatobiliary diseases.
Variable

Infected with Opisthorchis
felineus

Not-infected with Opisthorchis
felineus

P (comparison Infected vs noninfected)

Cholelithiasis

30

26

Median Age (IQR)

56 (41–60)

53.5 (40–61)

0.74

Male/Female

9/21

8/18

1

Cholelithiasis & pancreatitis

2

1

1

Cholelithiasis & hepatitis C
virus

2

1

1

Cholelithiasis

21

Median Age (IQR)

57.5 (42.5–59.5)

55 (41–60)

0.75

Male/Female

6/15

5/11

1

Cholelithiasis & pancreatitis

1

1

1

Cholelithiasis & hepatitis C
virus

1

1

1

Samples included for the study: reads > 200
16

doi:10.1371/journal.pntd.0004809.t001
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Fig 1. Radial phylogram of 246 genera identified in bile. Red circles indicate phylotypes detected only in
the Opisthorchis felineus infected group; green colored circles indicate genera that increased in O. felineus
infected group in comparison with the non-infected group, whereas blue circles indicate genera seen in the
non-infected participants but not in O. felineus infected participants.
doi:10.1371/journal.pntd.0004809.g001

communities did not reveal differences in richness (Chao1 (Fig 2A)), Shannon and Simpson
indices (S1 Fig) between participants infected with O. felineus and non-infected individuals.
Principal components analysis (PCoA) of the beta diversity, i.e. community diversity (compositional heterogeneity)/ divergence among samples was undertaken using QIIME, wherein
unweighted UniFrac distances ascertained beta diversity. In the case where we used non-normalized phylogenetic data, the first principal coordinate, PC1 accounted for 14.97% of total variance, and after CSS normalization was, PC1 accounted for 19.65% of total variance (Fig 2B and
2C). This difference in bacterial communities between the O. felineus-infected and uninfected
participants was significant, although not robust, and was confirmed using the non-parametric
statistical test analysis of similarity (ANOSIM), unweighted Unifrac—R = 0.12, P = 0.02 (normalized data). As presented in S2 Fig, hierarchical clustering analysis confirmed these modest
differences among the bacterial communities.
To consider the influence of host sex on cholelithiasis [33], we examined the richness metrics (Chao1, the Shannon and Simpson diversity index)after rarefaction at a depth of 200
sequences per sample from the female versus male participants. Chao1 analysis revealed that
the diversity was higher in the female in comparison with the male participants (p = 0.0461)
(S3 Fig).

Discrete biliary microbiomes during infection with the liver fluke, O. felineus
Four phyla, the Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria dominated the
biliary microbiota in the participants of this study, all of whom were diagnosed also with
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Fig 2. Alpha and beta diversity of the biliary microbiome of 37 study participants. Panel A. Bile content
microbiota rarefaction curve generated using Chao1 richness estimator. Samples have been rarified at depth
of 200 sequences per sample. Panel B Principal Coordinates Analysis (PCoA) of the bile microbiota in groups
infected versus not infected with O. felineus. Unweighted UniFrac uses non-normalized phylogenetic
information to compare samples. ANOSIM was used to evaluate the UniFrac distances of O. felineus group
vs non-infected group (R = 0.087, p = 0.038). Panel C. Principal Coordinates Analysis (PCoA) of the bile
microbiota in groups infected versus not infected with O. felineus. Unweighted UniFrac uses phylogenetic
information normalized by CSS to compare samples. ANOSIM was used to evaluate the UniFrac distances of
O. felineus group vs non-infected group (R = 0.12, p = 0.022).
doi:10.1371/journal.pntd.0004809.g002

cholelithiasis (Fig 3; S4 Fig). However, the contribution by members of phylum Spirochaetes
was significantly increased during infection with O. felineus. At the level of genus, this was
exemplified by increases in Treponema (Fig 4; Table 2). Also at the phylum level, higher proportions of Planctomycetes (P  0.01), Synergistetes (P  0.01), Verrucomicrobia (P  0.01),
and TM7 (P  0.01) were evident in the group of participants infected with O. felineus in comparison with the uninfected participants.
We identified all significant taxa aggregated to OTUs in the bile microbiota associated with
the liver fluke infection. Differences were apparent at taxonomic levels from phylum to genus.
At the level of genus, 22 phylotypes differed between these two groups. Most phylotypes that

Fig 3. Composition at phylum level of the biliary microbiome. Relative abundances of bacteria (phylum)
observed in bile samples.
doi:10.1371/journal.pntd.0004809.g003
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Fig 4. Radial phylogram to display biliary microbiota where groups infected or not with Opisthorchis
felineus were compared at the genus level. The phylogram displays topology. Genera in red color found
only in O. felineus infected group; genera marked in green increased in the O. felineus-infected group, in
comparison with the non-infected group, whereas blue circles indicate genera seen in the non-infected
participants but not in O. felineus infected participants.
doi:10.1371/journal.pntd.0004809.g004

differed were detected in higher abundance (i.e. absolute read counts) in bile from the O. felineus-infected participants (Fig 4; Table 2). Among specific examples, there was elevated abundance of Klebsiella spp., Aggregatibacter spp., Lactobacillus spp., Treponema spp., Haemophilus
parainfluenzae and Staphylococcus equorum in bile of participants infected with liver flukes. In
addition, Veillonella dispar, Paracoccus aminovorans, Parabacteroides distasonis, Sphingomonas changbaiensis, Cellulosimicrobium sp., Phycicoccus sp. and others were detected solely in
bile from persons infected with O. felineus (Fig 4; Table 2), whereas Flectobacillus sp., Xanthobacter sp., Burkholderia sp., Streptomyces sp., Jeotgalicoccus psychrophilus and Treponema
socranskii increased in the uninfected group vs the group with infection with O. felineus
(Table 2). Reads assigned to the super-kingdom Archaea were identified in the microbial community of bile from one of the O. felineus-infected persons; these reads aggregated with a phylotype from the Phylum Euryarcheota, genus Halogeometricum.
Given the potential for pathogenic microbes for involvement in cholelithiasis [6, 34], a list
of phylotypes identified in bile samples is presented. Also, we searched the list of phylotypes
for the presence of bacteria that had been described as associated with the human biliary tract
by Shen and coworkers [7]. We compared the list of phylotypes detected in the present study
in the bile of participants presenting with gallstone disease (37 individuals) with the list of
microbes recently described in human gallstones and bile [7]. About 9% of the same species
were identified here, including Rothia aeria, Haemophilus influenza, Veillonella dispar, Acinetobacter johnsonii, Acinetobacter lwoffii and Streptococcus anginosus (S2 Table).
The prediction of functional KEGG pathway abundances from the 16S rDNA-based metagenomes was accomplished using PICRUSt. The same predicted functional pathways characterized the O. felineus infected and O. felineus non-infected bile, so that functional differences
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Table 2. Numerous phylotypes differed between the biliary microbiota of study participants who were positive versus negative for infection with
the liver fluke, Opisthorchis felineus. The table lists details of 22 phylotypes where numbers of reads counts significantly increased or decreased in relation to liver fluke infection.
Species

Reads Of Reads Of log fold
+ve
-ve
change

Adg p

% of samples that
contain reads in Of
+ group

% of samples that
contain reads in Ofgroup

Mean of reads Mean of
in Of+ group
reads in Ofgroup

Lactobacillus brevis*

4941

4

11,9

<0.0001 4,8

25

235,29

0,25

Veillonella dispar

3

0

0,99

<0.0001 14,3

0

0,14

0

Methylotenera mobilis*

28

1

3,5

<0.0001 9,5

6,25

1,33

0,06

Paracoccus
aminovorans

6

0

1,2

<0.0001 19

0

0,29

0

Treponema
amylovorum*

11

1

2

<0.0001 14,3

6,25

0,52

0,06

Staphylococcus
equorum

127

14

3

<0.0001 33,3

25

6,05

0,88

1

2,5

<0.0001 14,3

6,25

0,90

0,06

Parabacteroides
distasonis *

8

0

1,7

<0.0001 14,3

0

0,38

0

Sphingomonas
changbaiensis

9

0

1,2

<0.0001 28,6

0

0,43

0

Methylobacterium
adhaesivum

21

5

3,8

<0.0001 4,8

12,5

1

0,31

Faecalibacterium
prausnitzii

7

1

1,3

0,0002

14,3

6,25

0,33

0,06

Anoxybacillus
kestanbolensis

9

2

1,47

0,0003

14,3

6,25

0,43

0,13

Bacteroides uniformis*

12

8

2,1

0,0003

9,5

6,25

0,57

0,5

Pseudoxanthomonas
mexicana

31

8

1,6

0,003

23,8

12,5

1,48

0,5

Sphingobium
xenophagum*

31

8

1,7

0,003

19,0

12,5

1,48

0,50

Haemophilus
parainﬂuenzae

22

8

1,5

0,004

19,0

12,5

1,05

0,50

Rathayibacter caricis

11

5

1,7

0,004

9,5

6,25

0,52

0,31

Janthinobacterium
lividum

9

5

1,1

0,004

14,3

12,5

0,43

0,31

Sphingomonas
yabuuchiae

19

10

1,5

0,009

14,3

12,5

0,90

0,63

Bacillus ﬂexus

20

10

0,98

0,01

9,5

12,5

0,95

0,63

Jeotgalicoccus
psychrophilus

2

11

-1,88

0,0002

9,5

12,5

0,10

0,69

Treponema socranskii*

3

9

-2,1

0,002

9,5

6,25

0,14

0,56

Corynebacterium durum 19

* Genera that differed between the groups where participants were infected (Of +ve) with or not infected (Of -ve) with O. felineus.
doi:10.1371/journal.pntd.0004809.t002

were not evident. Predicted metagenomes at the three hierarchical KEGG pathway levels
revealed the functional categories represented in the bile microbiota of patients with cholelithiasis. Membrane transport, carbohydrate metabolism and amino acid accounted for more than
one third of the hypothetical functions from the KEGG pathways at level 2 (S3 Table).

Database accession
Sequence data obtained have been deposited to the European Nucleotide Archive, accession
number PRJEB12755, http://www.ebi.ac.uk/ena/data/view/PRJEB12755.
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Discussion
Although it had been assumed that the biliary system in a healthy person is a sterile organ, it is
now apparent that bile supports a complex microbiome in otherwise healthy individuals [4, 9].
Nonetheless it has long been known that cholelithiasis, cholecystitis and cholangitis lead to
bacteriobilia [35, 36]. The presence of bacteria in the bile and gallbladder/gallstones has been
diagnosed by microbial culture, where positive culture of bile during cholelithiasis and chronic
cholecystitis ranges from 0–81% [37, 38]. Frequently identified are Escherichia coli, and species
of Enterococcus, Klebsiella, and Pseudomonas [38–40].
Analysis by pyro-sequencing targeting the bacterial 16S rRNA gene revealed that phylotypes
of the phylum Firmicutes were dominate the bile of healthy pigs, with Proteobacteria and Actinobacteria also prominent, and with lesser contributions from other phyla. Firmicutes, Proteobacteria and Bacterioidetes, dominate the human biliary microbiome of gallstones and bile
during cholelithiasis [6]. Our present findings accord with these reports [6]. Biliary tract microbiota of participants with cholelithiasis showed substantial person-to-person variation; the relative abundance of phylum Firmicutes varies 0–92% through the different samples. Similar
phenomena have been reported for microbiota of gallstones from residents of Kunming, China
[7]. Nonetheless, species contributing to biliary microbiota of the participants from Siberia differed markedly from microbes reported form China. Phylotypes previously identified in bile
also were present, including and Haemophilus parainfluenzae, Enterobacter cloacae [41, 42],
and Streptococcus anginosus, which is associated with pyogenic liver abscess [43]. In addition,
microbes associated with periodontal disease, including Treponema socranskii [44], T. amylovorum [45], Veillonella dispar, [46], Aggregatibacter segnis [47], and Bacteroides eggerthii [48]
were identified. Others more usually known from the external environment, including soil,
plants, and rivers, also were identified including Sphingomonas changbaiensis, Rathayibacter
caricis, Bacillus flexus, Methylobacterium adhaesivum, Psychrobacter pacificensis, and Pseudomonas umsongensis.
Although alpha diversity of the biliary microbiome did not appear to be impacted during
infection with O. felineus. A diverse often contradictory literature has accumulated over past
decade on the influence of helminth infection on the microbial diversity of the intestines.
Among other examples, polyparasitsm by soil-transmitted nematodes (Ascaris, Tichuris, hookworms) results in increased diversity of gut microbiota in indigenous Malaysians and microbial
diversity decreases following deworming [49]. By contrast, in other situations, increasing alpha
diversity is not apparent during trichuriasis [50]. In comparison, infection with O. felineus lead
to the modification of composition of the bile microbiome. Specifically, most of the phylotypes
that differed were detected in higher abundance in bile during opisthorchiasis although some
phylotypes decreased; Jeotgalicoccus psychrophilus, a Gram-positive halophile [51, 52] was
included among the latter. Lactobacillus spp. increased in richness in O. felineus-infected bile.
Colonization of the gut by nematodes has been shown to be associated with increasing prominence of Lactobacillaceae. Mice parasitized by the intestinal nematode Heligmosomoides polygyrus exhibit increased numbers of Lactobacillaceae in the ileum [53] and in the duodenum
[54]. Chronic infection of mice with the whipworm Trichuris muris also increases the abundance of Lactobacillus spp. [55], and similarly hamsters infected with O. viverrini-infected
exhibit more Lactobacillus in the colon [15]. Intriguingly, Lactobacillus species may contribute
probiotic defense against allergies [56, 57]. In regions endemic for opisthorchiasis felinea, specifically in western Siberia, liver fluke infection modifies genetic risk of atopic bronchial asthma
[58]. Furthermore, in urban regions, the presence of antibodies to O. felineus negatively correlates with the atopic sensitization [59]. There is evidence that the modification of the microbiota by helminths contributes to modulation of allergic inflammation [60, 61]. Our data
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provided additional support that helminth infection promotes the increase in numbers of Lactobacillus species that, in turn, influences the paradoxical relationship between allergic diseases
and helminthiasis.
Haemophilus parainfluenzae also increased in O. felineus infected samples; this pathogen
is associated with liver abscess [62], and liver abscess represents a serious complication of
opisthorchiasis felinea [63]. Veillonella dispar, Paracoccus aminovorans, Parabacteroides distasonis, Sphingomonas changbaiensis, among others, were constituents of the biliary microbiome
of the liver fluke-positive participants. Although V. dispar is known from bile [53], P. distasonis
has been described from feces as a risk factor for obesity [64]. These two phylotypes represent
microbes typically seen in the human alimentary tract. By contrast, S. changbaiensis is known
from forest soils [12] and Paracoccus aminovorans associates with the skin of fish [65] [66]. In
addition, we identified reads that aggregated with the archaeal genus Halogeometricum (phylum Euryarcheota). Flesh of salted, dried river fishes represents a dietary stable in regions of
Siberia [67]. We speculate that Halogeometricum and Paracoccus aminovorans may have been
transported to the biliary tract with ingested dried fish and/or other fish products contaminated with metacercarie of O. felineus. Other phylotypes of the Euryarcheota occur in bile of
hamsters infected with metacercariae of O. viverrini [15]. Conveyance of these environmental
microbes from the outside world to the human alimentary tract may have been accomplished
during establishment of infection by the liver flukes.
Notwithstanding the novelty and complexity of the findings, our study has limitations. The
findings associated with O. felineus took place in the setting of concomitant gallstone disease.
The microbial profile of the bile may differ in the absence of cholelithiasis, and furthermore, the
pH of the bile (which was not measured here) may have influenced the microbiome [68, 69].
Metabolic changes associated with gallstone formation can lead to microflora discrete from that
of healthy individuals [6]. Moreover, we cannot exclude that participants in the non-liver fluke
infected cohort had not previously been infected given elevated prevalence of opisthorchiasis
felinea in the Tomsk region [70]. Nonetheless, these findings appear to be novel in the context
of the biliary microbiome during opisthorchiasis. It will be informative to investigate this phenomenon further, including in people without gallstone disease living in regions where liver
flukes are endemic and infection with which represents increased risk for bile duct cancer.

Supporting Information
S1 Table. Pipeline employed for bioinformatics analysis.
(DOCX)
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S3 Table. List of KEGG pathway abundances from the 16S rDNA-based metagenomes for
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S1 Fig. Alpha diversity of the biliary microbiome for the 37 participants. A Shannon index
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S2 Fig. Hierarchical clustering of biliary microbiome. Each column of the heatmap corresponds to a bile sample, and each row to a phylum of the Prokaryota identified in the sequence

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004809

July 22, 2016

11 / 15

Biliary Microbiota and Opisthorchis felineus Infection

data. The O. felineus infection status is indicated for each participant by blue (–) or red (+).
Lighter colors along the black/yellow spectrum indicate a higher abundance.
(DOCX)
S3 Fig. Alpha diversity for the 37 participants. Bile content microbiota rarefaction curve generated using Chao1 richness estimator. A Chao1 after rarefaction at depth of 200 sequences
per sample in female group and male group, B Median± (IQR) of Chao1 in females and males
(p = 0.0461).
(DOCX)
S4 Fig. Bubble plot. Diameter and volumes reveal abundance of phylotypes (after log-transformation) at the phylum level, in bile from 37 study participants.
(DOCX)

Author Contributions
Conceived and designed the experiments: IVS NVM AES. Performed the experiments: IVS
PGI MDL. Analyzed the data: IVS VAP PJB. Contributed reagents/materials/analysis tools:
LMO AES. Wrote the paper: PJB IVS.

References
1.

Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host metabolism.
Nature. 2012; 489(7415):242–9. doi: 10.1038/nature11552 PMID: 22972297.

2.

Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and colorectal cancer. Nat Rev
Microbiol. 2014; 12(10):661–72. doi: 10.1038/nrmicro3344 PMID: 25198138.

3.

Tabibian JH, Varghese C, LaRusso NF, O'Hara SP. The Enteric Microbiome in Hepatobiliary Health
and Disease. Liver Int. 2015. doi: 10.1111/liv.13009 PMID: 26561779.

4.

Verdier J, Luedde T, Sellge G. Biliary Mucosal Barrier and Microbiome. Viszeralmedizin. 2015; 31
(3):156–61. doi: 10.1159/000431071 PMID: 26468308; PubMed Central PMCID: PMCPMC4569210.

5.

Kummen M, Holm K, Anmarkrud JA, Nygard S, Vesterhus M, Hoivik ML, et al. The gut microbial profile
in patients with primary sclerosing cholangitis is distinct from patients with ulcerative colitis without biliary disease and healthy controls. Gut. 2016. doi: 10.1136/gutjnl-2015-310500 PMID: 26887816.

6.

Wu T, Zhang Z, Liu B, Hou D, Liang Y, Zhang J, et al. Gut microbiota dysbiosis and bacterial community
assembly associated with cholesterol gallstones in large-scale study. BMC Genomics. 2013; 14:669.
doi: 10.1186/1471-2164-14-669 PMID: 24083370; PubMed Central PMCID: PMCPMC3851472.

7.

Shen H, Ye F, Xie L, Yang J, Li Z, Xu P, et al. Metagenomic sequencing of bile from gallstone patients
to identify different microbial community patterns and novel biliary bacteria. Sci Rep. 2015; 5:17450.
doi: 10.1038/srep17450 PMID: 26625708; PubMed Central PMCID: PMCPMC4667190.

8.

Aviles-Jimenez F, Guitron A, Segura-Lopez F, Mendez-Tenorio A, Iwai S, Hernandez-Guerrero A, et al.
Microbiota studies in the bile duct strongly suggest a role for Helicobacter pylori in extrahepatic cholangiocarcinoma. Clin Microbiol Infect. 2015. doi: 10.1016/j.cmi.2015.10.008 PMID: 26493848.

9.

Jimenez E, Sanchez B, Farina A, Margolles A, Rodriguez JM. Characterization of the bile and gall bladder microbiota of healthy pigs. Microbiologyopen. 2014; 3(6):937–49. doi: 10.1002/mbo3.218 PMID:
25336405; PubMed Central PMCID: PMCPMC4263516.

10.

Martin J, Miller D, Menard GE. Treatment considerations for recurrent MRSA bacteremia leading to
cholecystitis. J Gen Intern Med. 2011; 26(6):669–72. doi: 10.1007/s11606-011-1634-8 PMID:
21246304; PubMed Central PMCID: PMCPMC3101964.

11.

Plieskatt JL, Deenonpoe R, Mulvenna JP, Krause L, Sripa B, Bethony JM, et al. Infection with the carcinogenic liver fluke Opisthorchis viverrini modifies intestinal and biliary microbiome. FASEB journal: official publication of the Federation of American Societies for Experimental Biology. 2013; 27(11):4572–
84. doi: 10.1096/fj.13-232751 PMID: 23925654; PubMed Central PMCID: PMC3804743.

12.

Deenonpoe R, Chomvarin C, Pairojkul C, Chamgramol Y, Loukas A, Brindley PJ, et al. The carcinogenic liver fluke Opisthorchis viverrini is a reservoir for species of Helicobacter. Asian Pacific journal of
cancer prevention: APJCP. 2015; 16(5):1751–8. PMID: 25773821.

13.

Chaiyadet S, Sotillo J, Smout M, Cantacessi C, Jones MK, Johnson MS, et al. Carcinogenic Liver Fluke
Secretes Extracellular Vesicles That Promote Cholangiocytes to Adopt a Tumorigenic Phenotype. J

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004809

July 22, 2016

12 / 15

Biliary Microbiota and Opisthorchis felineus Infection

Infect Dis. 2015; 212(10):1636–45. doi: 10.1093/infdis/jiv291 PMID: 25985904; PubMed Central
PMCID: PMCPMC4621255.
14.

Wongpaitoon V, Thuvasethakul P, Kurathong S, Techanugorn S. Biliary bile acids and lipids composition in Opisthorchiasis viverrini. J Med Assoc Thai. 1988; 71(7):394–9. PMID: 3241137.

15.

Plieskatt JL, Deenonpoe R, Mulvenna JP, Krause L, Sripa B, Bethony JM, et al. Infection with the carcinogenic liver fluke Opisthorchis viverrini modifies intestinal and biliary microbiome. Faseb J. 2013; 27
(11):4572–84. doi: 10.1096/fj.13-232751 WOS:000329937500023. PMID: 23925654

16.

Wu Q, He XD, Yu L, Liu W, Tao LY. The metabolic syndrome and risk factors for biliary tract cancer: a
case-control study in China. Asian Pacific journal of cancer prevention: APJCP. 2012; 13(5):1963–9.
PMID: 22901155.

17.

Zaiss MM, Harris NL. Interactions between the intestinal microbiome and helminth parasites. Parasite
Immunol. 2016; 38(1):5–11. doi: 10.1111/pim.12274 PMID: 26345715.

18.

Balog CI, Meissner A, Goraler S, Bladergroen MR, Vennervald BJ, Mayboroda OA, et al. Metabonomic
investigation of human Schistosoma mansoni infection. Mol Biosyst. 2011; 7(5):1473–80. doi: 10.1039/
c0mb00262c PMID: 21336380.

19.

Hsieh YJ, Fu CL, Hsieh MH. Helminth-induced interleukin-4 abrogates invariant natural killer T cell activation-associated clearance of bacterial infection. Infect Immun. 2014; 82(5):2087–97. doi: 10.1128/
IAI.01578-13 PMID: 24643536; PubMed Central PMCID: PMCPMC3993428.

20.

Gouveia MJ, Santos J, Brindley PJ, Rinaldi G, Lopes C, Santos LL, et al. Estrogen-like metabolites and
DNA-adducts in urogenital schistosomiasis-associated bladder cancer. Cancer Lett. 2015; 359
(2):226–32. doi: 10.1016/j.canlet.2015.01.018 PMID: 25615421.

21.

Brindley PJ, da Costa JM, Sripa B. Why does infection with some helminths cause cancer? Trends
Cancer. 2015; 1(3):174–82. doi: 10.1016/j.trecan.2015.08.011 PMID: 26618199; PubMed Central
PMCID: PMCPMC4657143.

22.

Greiman SE, Tkach VV, Vaughan JA. Transmission rates of the bacterial endosymbiont, Neorickettsia
risticii, during the asexual reproduction phase of its digenean host, Plagiorchis elegans, within naturally
infected lymnaeid snails. Parasit Vectors. 2013; 6:303. doi: 10.1186/1756-3305-6-303 PMID:
24383453; PubMed Central PMCID: PMCPMC3924192.

23.

Lustigman S, Melnikow E, Anand SB, Contreras A, Nandi V, Liu J, et al. Potential involvement of Brugia
malayi cysteine proteases in the maintenance of the endosymbiotic relationship with Wolbachia. Int J
Parasitol Drugs Drug Resist. 2014; 4(3):267–77. doi: 10.1016/j.ijpddr.2014.08.001 PMID: 25516837;
PubMed Central PMCID: PMCPMC4266806.

24.

Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BMC Biol. 2014; 12:87. doi: 10.
1186/s12915-014-0087-z PMID: 25387460; PubMed Central PMCID: PMCPMC4228153.

25.

Seredina TA, Petrenko VA, Tronin AV, Sazonov A, Sapugol'tseva OB, Katokhin AV, et al. [The
reagents kit to detect Metyorchis biis, Opisthorchis viverrini and Clonorchis sinensis, Opisthorchis felineus—agents of opisthorchiasis using technique of polymerase chain reaction in real-time]. Klin Lab
Diagn. 2014; 59(8):22–5. PMID: 25552048.

26.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7(5):335–6. doi: 10.1038/
nmeth.f.303 PMID: 20383131; PubMed Central PMCID: PMCPMC3156573.

27.

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26
(19):2460–1. doi: 10.1093/bioinformatics/btq461 WOS:000282170000016. PMID: 20709691

28.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a chimerachecked 16S rRNA gene database and workbench compatible with ARB. Appl Environ Microbiol. 2006;
72(7):5069–72. doi: 10.1128/AEM.03006-05 PMID: 16820507; PubMed Central PMCID:
PMCPMC1489311.

29.

Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis for microbial marker-gene
surveys. Nat Methods. 2013; 10(12):1200–2. Epub 2013/10/01. doi: 10.1038/nmeth.2658 PMID:
24076764; PubMed Central PMCID: PMC4010126.

30.

Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, et al. Predictive functional
profiling of microbial communities using 16S rRNA marker gene sequences. Nat Biotechnol. 2013; 31
(9):814-+. doi: 10.1038/nbt.2676 ISI:000324306300021. PMID: 23975157

31.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol Biol Evol. 2013; 30(12):2725–9. doi: 10.1093/molbev/mst197 PMID: 24132122;
PubMed Central PMCID: PMCPMC3840312.

32.

Morris EK, Caruso T, Buscot F, Fischer M, Hancock C, Maier TS, et al. Choosing and using diversity
indices: insights for ecological applications from the German Biodiversity Exploratories. Ecol Evol.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004809

July 22, 2016

13 / 15

Biliary Microbiota and Opisthorchis felineus Infection

2014; 4(18):3514–24. doi: 10.1002/ece3.1155 PMID: 25478144; PubMed Central PMCID:
PMCPMC4224527.
33.

Novacek G. Gender and gallstone disease. Wien Med Wochenschr. 2006; 156(19–20):527–33. doi:
10.1007/s10354-006-0346-x PMID: 17103289.

34.

Peng Y, Yang Y, Liu Y, Nie Y, Xu P, Xia B, et al. Cholesterol gallstones and bile host diverse bacterial
communities with potential to promote the formation of gallstones. Microb Pathog. 2015; 83–84:57–63.
doi: 10.1016/j.micpath.2015.05.002 PMID: 25959528.

35.

Carpenter HA. Bacterial and parasitic cholangitis. Mayo Clin Proc. 1998; 73(5):473–8. doi: 10.1016/
S0025-6196(11)63734-8 PMID: 9581592.

36.

Maluenda F, Csendes A, Burdiles P, Diaz J. Bacteriological study of choledochal bile in patients with
common bile duct stones, with or without acute suppurative cholangitis. Hepatogastroenterology. 1989;
36(3):132–5. PMID: 2502489.

37.

Lemos R, Franca PH, Ferreira LE, Goncalves AR, Campos AC, Pinho M. Detection of bacterial DNA in
acute and chronic cholecystitis. Br J Surg. 2010; 97(4):532–6. doi: 10.1002/bjs.6940 PMID: 20169571.

38.

Hazrah P, Oahn KT, Tewari M, Pandey AK, Kumar K, Mohapatra TM, et al. The frequency of live bacteria in gallstones. HPB (Oxford). 2004; 6(1):28–32. doi: 10.1080/13651820310025192 PMID:
18333042; PubMed Central PMCID: PMCPMC2020648.

39.

Moazeni-Bistgani M, Imani R. Bile bacteria of patients with cholelithiasis and theirs antibiogram. Acta
Med Iran. 2013; 51(11):779–83. PMID: 24390947.

40.

Abeysuriya V, Deen KI, Wijesuriya T, Salgado SS. Microbiology of gallbladder bile in uncomplicated
symptomatic cholelithiasis. Hepatobiliary Pancreat Dis Int. 2008; 7(6):633–7. PMID: 19073410.

41.

Alvarez M, Potel C, Rey L, Rodriguez-Sousa T, Otero I. Biliary tract infection caused by Haemophilus
parainfluenzae. Scand J Infect Dis. 1999; 31(2):212–3. PMID: 10447339.

42.

Liu J, Yan Q, Luo F, Shang D, Wu D, Zhang H, et al. Acute cholecystitis associated with infection of
Enterobacteriaceae from gut microbiota. Clin Microbiol Infect. 2015; 21(9):851 e1–9. doi: 10.1016/j.cmi.
2015.05.017 PMID: 26025761.

43.

Murarka S, Pranav F, Dandavate V. Pyogenic liver abscess secondary to disseminated streptococcus
anginosus from sigmoid diverticulitis. J Glob Infect Dis. 2011; 3(1):79–81. doi: 10.4103/0974-777X.
77300 PMID: 21572613; PubMed Central PMCID: PMCPMC3068583.

44.

Sakamoto M, Takeuchi Y, Umeda M, Ishikawa I, Benno Y, Nakase T. Detection of Treponema socranskii associated with human periodontitis by PCR. Microbiol Immunol. 1999; 43(5):485–90. PMID:
10449255.

45.

Montagner F, Jacinto RC, Signoretti FG, Gomes BP. Treponema species detected in infected root
canals and acute apical abscess exudates. J Endod. 2010; 36(11):1796–9. doi: 10.1016/j.joen.2010.
08.008 PMID: 20951290.

46.

Doel JJ, Benjamin N, Hector MP, Rogers M, Allaker RP. Evaluation of bacterial nitrate reduction in the
human oral cavity. Eur J Oral Sci. 2005; 113(1):14–9. doi: 10.1111/j.1600-0722.2004.00184.x PMID:
15693824.

47.

Shang JJ, Yang QB, Zhao HY, Cai S, Zhou Y, Sun Z. Preliminary molecular analysis of bacterial composition in periapical lesions with primary endodontic infections of deciduous teeth. Chin Med J (Engl).
2013; 126(16):3112–7. PMID: 23981622.

48.

Fosse T, Madinier I, Hannoun L, Giraud-Morin C, Hitzig C, Charbit Y, et al. High prevalence of cfxA
beta-lactamase in aminopenicillin-resistant Prevotella strains isolated from periodontal pockets. Oral
Microbiol Immunol. 2002; 17(2):85–8. PMID: 11929554.

49.

Lee SC, Tang MS, Lim YAL, Choy SH, Kurtz ZD, Cox LM, et al. Helminth Colonization Is Associated
with Increased Diversity of the Gut Microbiota. Plos Neglect Trop D. 2014; 8(5). ARTN e2880 doi: 10.
1371/journal.pntd.0002880 ISI:000337735100060.

50.

Cooper P, Walker AW, Reyes J, Chico M, Salter SJ, Vaca M, et al. Patent human infections with the
whipworm, Trichuris trichiura, are not associated with alterations in the faecal microbiota. PLoS One.
2013; 8(10):e76573. Epub 2013/10/15. doi: 10.1371/journal.pone.0076573 PMID: 24124574; PubMed
Central PMCID: PMC3790696.

51.

Leng J, Cheng YM, Zhang CY, Zhu RJ, Yang SL, Gou X, et al. Molecular diversity of bacteria in Yunnan
yellow cattle (Bos taurs) from Nujiang region, China. Mol Biol Rep. 2012; 39(2):1181–92. Epub 2011/
05/21. doi: 10.1007/s11033-011-0848-5 PMID: 21598111.

52.

Schwaiger K, Holzel C, Mayer M, Bauer J. Notes on the almost unknown genus Jeotgalicoccus. Lett
Appl Microbiol. 2010; 50(4):441–4. doi: 10.1111/j.1472-765X.2010.02811.x ISI:000275396300019.
PMID: 20156307

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004809

July 22, 2016

14 / 15

Biliary Microbiota and Opisthorchis felineus Infection

53.

Walk ST, Blum AM, Ewing SA, Weinstock JV, Young VB. Alteration of the murine gut microbiota during
infection with the parasitic helminth Heligmosomoides polygyrus. Inflamm Bowel Dis. 2010; 16
(11):1841–9. doi: 10.1002/ibd.21299 PMID: 20848461; PubMed Central PMCID: PMCPMC2959136.

54.

Reynolds LA, Smith KA, Filbey KJ, Harcus Y, Hewitson JP, Redpath SA, et al. Commensal-pathogen
interactions in the intestinal tract: lactobacilli promote infection with, and are promoted by, helminth parasites. Gut Microbes. 2014; 5(4):522–32. doi: 10.4161/gmic.32155 PMID: 25144609.

55.

Holm JB, Sorobetea D, Kiilerich P, Ramayo-Caldas Y, Estelle J, Ma T, et al. Chronic Trichuris muris
Infection Decreases Diversity of the Intestinal Microbiota and Concomitantly Increases the Abundance
of Lactobacilli. PLoS One. 2015; 10(5):e0125495. doi: 10.1371/journal.pone.0125495 PMID:
25942314; PubMed Central PMCID: PMCPMC4420551.

56.

Perrin Y, Nutten S, Audran R, Berger B, Bibiloni R, Wassenberg J, et al. Comparison of two oral probiotic preparations in a randomized crossover trial highlights a potentially beneficial effect of Lactobacillus paracasei NCC2461 in patients with allergic rhinitis. Clin Transl Allergy. 2014; 4(1):1. doi: 10.1186/
2045-7022-4-1 PMID: 24393277; PubMed Central PMCID: PMCPMC3925289.

57.

Kozakova H, Schwarzer M, Tuckova L, Srutkova D, Czarnowska E, Rosiak I, et al. Colonization of
germ-free mice with a mixture of three lactobacillus strains enhances the integrity of gut mucosa and
ameliorates allergic sensitization. Cell Mol Immunol. 2015. doi: 10.1038/cmi.2015.09 PMID: 25942514.

58.

Saltykova IV, Ogorodova LM, Bragina EY, Puzyrev VP, Freidin MB. Opisthorchis felineus liver fluke
invasion is an environmental factor modifying genetic risk of atopic bronchial asthma. Acta Trop. 2014;
139:53–6. doi: 10.1016/j.actatropica.2014.07.004 PMID: 25017311.

59.

Ogorodova LM, Freidin MB, Sazonov AE, Fedorova OS, Gerbek IE, Cherevko NA, et al. A pilot screening of prevalence of atopic states and opisthorchosis and their relationship in people of Tomsk Oblast.
Parasitol Res. 2007; 101(4):1165–8. doi: 10.1007/s00436-007-0588-6 PMID: 17549516.

60.

Zaiss MM, Rapin A, Lebon L, Dubey LK, Mosconi I, Sarter K, et al. The Intestinal Microbiota Contributes
to the Ability of Helminths to Modulate Allergic Inflammation. Immunity. 2015; 43(5):998–1010. doi: 10.
1016/j.immuni.2015.09.012 PMID: 26522986; PubMed Central PMCID: PMCPMC4658337.

61.

Giacomin P, Zakrzewski M, Croese J, Su X, Sotillo J, McCann L, et al. Experimental hookworm infection and escalating gluten challenges are associated with increased microbial richness in celiac subjects. Sci Rep. 2015; 5:13797. doi: 10.1038/srep13797 PMID: 26381211; PubMed Central PMCID:
PMCPMC4585380.

62.

Friedl J, Stift A, Berlakovich GA, Taucher S, Gnant M, Steininger R, et al. Haemophilus parainfluenzae
liver abscess after successful liver transplantation. J Clin Microbiol. 1998; 36(3):818–9. Epub 1998/03/
21. PMID: 9508321; PubMed Central PMCID: PMC104634.

63.

Khabas GN. [Prevention and treatment of opisthorchiasis of the liver]. Vestn Khir Im I I Grek. 2003; 162
(3):91–4. Epub 2003/08/29. PMID: 12942620.

64.

Chiu CM, Huang WC, Weng SL, Tseng HC, Liang C, Wang WC, et al. Systematic analysis of the association between gut flora and obesity through high-throughput sequencing and bioinformatics
approaches. Biomed Res Int. 2014; 2014:906168. doi: 10.1155/2014/906168 PMID: 25202708;
PubMed Central PMCID: PMCPMC4150407.

65.

Boutin S, Sauvage C, Bernatchez L, Audet C, Derome N. Inter individual variations of the fish skin
microbiota: host genetics basis of mutualism? PLoS One. 2014; 9(7):e102649. Epub 2014/07/30. doi:
10.1371/journal.pone.0102649 PMID: 25068850; PubMed Central PMCID: PMC4113282.

66.

Yang G, Tian X, Dong S, Peng M, Wang D. Effects of dietary Bacillus cereus G19, B. cereus BC-01,
and Paracoccus marcusii DB11 supplementation on the growth, immune response, and expression of
immune-related genes in coelomocytes and intestine of the sea cucumber (Apostichopus japonicus
Selenka). Fish Shellfish Immunol. 2015; 45(2):800–7. doi: 10.1016/j.fsi.2015.05.032 PMID: 26052012.

67.

Bronshtein AM, Lukomskaia MI. [Opisthorchiasis and alcoholism: a clinico-epidemiological and social
psychology study]. Med Parazitol (Mosk). 1990;(1: ):44–6. PMID: 2141102.

68.

Devkota S, Wang Y, Musch MW, Leone V, Fehlner-Peach H, Nadimpalli A, et al. Dietary-fat-induced
taurocholic acid promotes pathobiont expansion and colitis in Il10-/- mice. Nature. 2012; 487
(7405):104–8. doi: 10.1038/nature11225 PMID: 22722865; PubMed Central PMCID:
PMCPMC3393783.

69.

Devlin AS, Fischbach MA. A biosynthetic pathway for a prominent class of microbiota-derived bile
acids. Nat Chem Biol. 2015; 11(9):685–90. doi: 10.1038/nchembio.1864 PMID: 26192599; PubMed
Central PMCID: PMCPMC4543561.

70.

Ogorodova LM, Fedorova OS, Sripa B, Mordvinov VA, Katokhin AV, Keiser J, et al. Opisthorchiasis: an
overlooked danger. PLoS Negl Trop Dis. 2015; 9(4):e0003563. doi: 10.1371/journal.pntd.0003563
PMID: 25836334; PubMed Central PMCID: PMCPMC4383567.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004809

July 22, 2016

15 / 15

